Introduction
Technologies based on the avidin-biotin system have been developed and utilized for decades by exploiting its extremely high affinity (Kd~10 À15 M) [1, 2] . There are many proteins belonging to the avidin family, originating from various organisms, ranging from bacteria to fungi, birds, reptiles and fish [1, [3] [4] [5] [6] [7] . Most of these proteins, notably hen's egg-white avidin and bacterial streptavidin, consist of a homo-tetrameric quaternary structure, wherein each monomer comprises an 8-stranded b-barrel that bears a biotin-binding site [8, 9] . Within the tetrameric assembly of the avidins, there are three types of monomer-monomer interactions, as Abbreviations AVR, avidin-related protein; IEX-MALS, ion exchange chromatography -multi angle light scattering; SEC-MALS, size exclusion chromatography -multi angle light scattering.
described by Livnah et al. [9] . The 1-2 interaction involves a Trp residue (position 110 in egg-white avidin), donated from one monomer to the biotin-binding site of the adjacent monomer. This critical Trp residue seals the site once the biotin molecule is bound; thus playing an essential role both in the high affinity towards biotin and in the integrity of the quaternary structure. The 1-3 interaction is relatively small and consists of 3-4 participating residues from each monomer. In contrast, the 1-4 interaction is the most substantial, with a contact area of 1200-1500 A 2 per monomer, which has also been termed the sandwich-like interaction [10] .
The high-affinity avidin-biotin system is unique, and its versatile applications are primarily based on the relatively straightforward chemistry of biotin conjugation, which allows its attachment to an incredibly large variety of molecules [11] . Applications include protein detection, microscopy, diagnosis, drug delivery and many others [12, 13] . Although highly useful, the system has some limitations, frequently resulting from the homo-tetrameric assembly of the four highaffinity biotin-binding sites. Unwanted crosslinking can thus occur, and precise quantification is not possible, since binding-site occupancy cannot be verified. Extensive studies have been carried out, in order to minimize and alter the tetrameric assembly to decrease the stoichiometry of the avidins [14, 15] . To date, attempts to minimize the tetrameric configuration of the avidins via rational design have had limited success [14, [16] [17] [18] [19] .
A breakthrough in this context was the discovery of high-affinity dimeric avidins from bacterial sources, where the valency is 2 rather than 4 although the high affinity towards biotin is maintained [10, [20] [21] [22] . These include bacterial avidin-like proteins from Rhizobium etli, (rhizavidin), Shewanella denitrificans (shwanavidin) and Hoeflea phototrophica DFL-43 (hoefavidin) [10, [20] [21] [22] . Structural analyses of these proteins revealed that they maintain the unique basic features of the avidin family, whereby each monomer displays near-identical topology and quaternary structure, similar to that of the 1-4 interaction of the tetrameric avidins, thus forming a sandwich-like dimer. The outcome of the dimeric structure is the lack of the 1-2 and 1-3 interactions that characterize the tetrameric avidins and concomitant lack of the critical crossover Trp.
In all avidins, the L3,4 loop that connects strands 3 and 4 plays an important role in the binding and stabilization of biotin in the binding site. In this regard, in some avidins, the loop is flexible in the apo form but adopts a defined conformation by forming several polar interactions only upon binding biotin [9, 21] . Intriguingly, all dimeric avidins contain a conserved disulfide bridge that connects the L3,4 and L5,6 loops. This disulfide bridge induces partial rigidity to loop L3,4, and once mutated the affinity towards biotin decreases dramatically [21] .
There are various features that compensate for the lack of the important Trp of the 1-2 interaction. In rhizavidin and hoefavidin, a narrowing of the binding site, termed 'the pinching effect', occurs upon biotin binding [10, 22] . In shwanavidin, a different compensatory strategy is apparent, whereby a Phe residue, located in the L3,4 loop emulates the position of the critical Trp donated in the 1-2 interaction of the tetrameric avidins [21] .
Another recurring and unique feature for all dimeric avidins is evident in their crystal structures: the crystal packing of the apo forms in all dimeric avidins generates a higher-order oligomeric state. Thus, rhizavidin and shwanavidin form hexamers in the crystalline state, wherein three dimers generate a cylindrical assembly [10, 21, 23] (Fig. 1A) . For hoefavidin, however, the oligomeric configuration is different, whereby four dimers assemble to form a cylindrical octamer (Fig. 1B right) [22] . In the respective biotin complexes, the crystal packing is more diverse with limited indications of higher oligomeric states. In addition to the oligomeric assembly observed for the dimeric avidins, bradavidin II, another bacterial avidin, was also reported and displays a dynamic or even inconclusive oligomeric state [24] .
Here we introduce afifavidin -a new bacterial member of the dimeric sub-group of the avidin family. Afifavidin was discovered using BLAST implemented in the NCBI website, and the sequence is found in the genome of the Gram-negative a-proteobacterium, Afifella pfennigii [25] (Fig. 2) . A. pfennigii is a budding purple non-sulfur bacterium that was found in a microbial mat in a brackish water pond on the Rangiroa Atoll of the French Polynesia Islands [25] . The optimal temperature for bacterial growth is 30-35°C, and the bacterium contains a unique pigment composition. The other dimeric avidins also originate from bacteria of diverse environments, from the psychrophilic S. denitrificans, the symbiotic nitrogen-fixing bacterium R. etli, and the northern sea bacterium H. phototrophica DFL-43 [26] [27] [28] .
Afifavidin displays an intriguing dynamic assembly, wherein the intact protein forms mostly octamers in solution that dissociate into dimers upon binding biotin. Nevertheless, the short-truncated protein is dimeric in solution in both the apo and biotin-complexed forms. The octameric crystal packing of the intact afifavidin reveals its similarity to that of intact hoefavidin. This novel protein sheds light on the dynamic state of dimeric avidins, both in the solution and in the crystalline state, and is a promising addition for diversification of the avidin-biotin toolbox.
Results

Structure of intact afifavidin
The tertiary structure of intact afifavidin displays the same canonical characteristics of other members of the avidin family, with the 8-stranded anti-parallel b-barrel topology for each monomer, and the 1-4 interaction that generates the intimate sandwich-like dimeric quaternary structure [9] . The asymmetric unit consists of two 1-4 dimers, organized in a configuration that differs from that of the functional canonical tetrameric avidins. Each monomer of the intact afifavidin contains an extended C-terminal region (residues 128-135) that interacts with a symmetry-related molecule in the vicinity of its biotin-binding site, thereby blocking it almost completely. Although biotin binding is impaired in the crystalline state, biotin binding is maintained in solution. Interestingly, soaking biotin into crystals did not yield a complex, and co-crystals of intact afifavidin of the complex were not obtained similar to the crystallization of intact hoefavidin [22] . Consequently, we shortened the afifavidin by five amino acids at its C-terminus (termed short afifavidin), which enabled crystallization of the biotin complex (Fig. 2) . Each of the intact afifavidin dimers in the asymmetric unit forms an octamer via symmetry operations (Fig. 1B) , stabilized by the C-terminal segment, which interacts with the biotin-binding site of a neighbouring monomer. The extended C-terminal region forms a kink where Pro134 perturbs the entrance of the biotinbinding site by forming a hydrophobic interaction with Phe50 from the L3,4 loop. This L3,4 loop is important and contains several amino acids that are part of the biotin-binding site. This loop also contains Cys52 that forms a disulfide bridge with Cys81 from loop L5,6, thus contributing to its conformational stability. This disulfide bridge is a common distinctive feature in all dimeric avidins analysed to date. The afifavidin octamer is similar, but not identical, to the octamer previously observed for the intact hoefavidin crystal structure (Fig. 1B) [22] . For both octamers, the C-terminal regions have a stabilizing role in maintaining the octameric state, yet they have different sequences and adopt different conformations upon interaction with the adjacent molecule ( Figs 1B-3 ). The C-terminal segment of hoefavidin adopts a type-1 b-turn with a Leu residue (Leu141) that penetrates into the biotin-binding site. In contrast, there is no defined turn in the afifavidin segment, and the Pro at the surface of the binding site is located 3.4 A away from the binding site compared to the penetrating Leu of hoefavidin (Fig. 3) . The asymmetric unit of the intact afifavidin crystals is comprised of two 1-4 dimers that form a pseudo tetramer. The crystal arrangement, however, differs substantially from that of the canonical arrangement observed in tetrameric avidins (e.g. avidin, streptavidin, AVRs, bradavidin I, etc.) [8, 9, [29] [30] [31] [32] . In this regard, tetrameric avidins are configured as dimers of dimers, where two sandwich-like 1-4 dimers are stabilized by two 1-2 and two 1-3 interactions. The latter interactions are conserved throughout the tetrameric avidins and play a role in tetrameric stability and affinity towards biotin. In contrast, the two dimers in the asymmetric unit of both afifavidin constructs do not form the canonical dimer of dimers and are merely the outcome of crystal packing. A similar case was observed for bradavidin II, where four monomers were present in the asymmetric unit, yet failed to form any interactions resembling those of other avidin dimers or tetramers [24] .
The structures of the apo form and biotin complex of short afifavidin
The structures of both afifavidins (intact and short) exhibit similar tertiary folds, compared to those of the monomers and quaternary arrangement of the 1-4 interaction of all other avidins [9, 30] . However, the short afifavidin does not form octamers in the crystal, indicating that the C-terminal segments in the intact form plays a significant role in their assembly. In the apo and biotin-complexed short afifavidin, the residues that participate in biotin binding remain in a similar conformation without any substantial changes. These residues are highly conserved throughout the extended avidin family (for both dimers and tetramers) (Fig. 2) . In this regard, the H-bond network of the biotin ring systems is virtually identical in all avidins, although there are some changes in the interactions of the biotin carboxylate (Fig. 4A) . The L3,4 loop participates in forming polar interactions with one of the ureido ring nitrogens and the carboxylate of biotin, as well as contributing to the rigidity imposed by the disulfide bridge on the L5,6 loop in the dimers. The hydrophobic interactions formed by afifavidin are also similar to those of the other dimeric avidins, since the Trp donated by the 1-2 interaction is missing (Fig. 4B) . Remarkably, as in shwanavidin and bradavidin II, its absence is compensated by Phe50 from the L3,4 loop, where its position is almost identical to that of the critical Trp in tetrameric avidins (Figs 4B and 5) [21, 24] .
In the afifavidin structures, the L3,4 loop adopts a similar conformation although the side-chain conformation of Phe50 in the intact and short afifavidin varies. Thus, Phe50 in intact afifavidin interacts with Pro134 from the C-terminal tail of an adjacent noncanonical monomer thereby blocking the biotin-binding site (Fig. 6) . Removal of the C-terminal segment results in an altered side-chain conformation of Phe50, thereby facilitating biotin binding and sealing of the biotin ligand in the binding site (Fig. 6 ). For Phe50, v1 changes by~100°and thus its phenyl ring shifts bỹ 6.5 A rendering the biotin-binding site open for the ligand.
Oligomeric assembly of afifavidin in solution
Intact afifavidin exhibits a dynamic oligomeric assembly, not easily characterized by combined gel filtration/ light scattering (SEC-MALS). In order to determine the composition of the intact afifavidin in solution, we resorted to ion exchange chromatography coupled to light scattering (IEX-MALS) [33] . The intact afifavidin eluted and collected from SEC was consequently loaded to the IEX column where in the latter it is being concentrated due to electrostatic binding to the column. Intriguingly, the apo form mostly showed the presence of an octamer, with a small fraction of dimers, yet upon biotin binding the intact afifavidin consisted solely of the dimer (Fig. 7A) . In contrast, short afifavidin is dimeric, both in the apo and in the biotin-complexed forms (Fig. 7B) , indicating the importance of the C-terminal segment for the formation and stabilization of the octameric configuration. Based on these results, we decided to re-examine the oligomeric state of hoefavidin in solution [22] . Using IEX-MALS, intact hoefavidin displays a similar dynamic behaviour to afifavidin, whereby the apo form is octameric and the biotin complex is dimeric (Fig. 7C ). Similar to short afifavidin, short hoefavidin is solely dimeric in both apo and biotin-complexed forms (Fig. 7D ). In the crystallization process, the concentration of intact afifavidin increases to high values where based on the crystals the octameric form prevails, also supporting the observed behaviour in solution.
Thermostability and affinity measurements towards 2-iminobiotin
Thermal stability measurements were performed for both the intact and the short afifavidins, in the apo and biotin-complexed forms (Table 1) . Both afifavidins demonstrated high thermostability, although the Tm was lower than what is normally observed for proteins of the avidin family, with 62°C for the apo form and 73°C for the biotin complex.
Hoefavidin was measured as well for comparison, and the detected Tm is indeed higher than that of afifavidin (74°C for the intact and 71°C for the In their interactions, the biotin ring system forms an identical network of H-bond interactions. In all avidins, the L3,4 loop contributes a single H-bond interaction with one of the biotin ureido nitrogens. In afifavidin, like in the other dimeric avidins and some tetrameric avidins (e.g. streptavidin and AVR4) [10] , each of the biotin carboxylate oxygens forms a single H-bond interaction with residues at similar positions on the proteins. In avidin, however, the biotin carboxylate oxygens form a more complex set of H-bonding interactions. (B) The hydrophobic interactions of afifavidin (pink) with biotin (black) consist of three Trp residues, a Phe residue and a disulfide bond. For comparison, in avidin (cyan), a similar arrangement is available where Phe residue replaces Trp 87 in afifavidin and a Phe residue positioned similar to the disulfide bond on afifavidin. The hydrophobic arrangement of afifavidin includes Phe50 from the L3,4 loop, positioned similar to Trp110 from the adjacent monomer of all tetrameric avidins. This characteristic Trp in tetrameric avidins, so essential for the high-affinity interaction with biotin, is lacking in the dimeric avidins and is compensated here with the Phe, as is the case for shwanavidin.
short apo forms, and over 95°C for both biotin complexes). Affinity towards 2-iminobiotin was measured, since the affinity to biotin is expected to be too high for practical detection. Binding of 2-iminobiotin was sufficient for purification on a 2-iminobiotin affinity column. The intact afifavidin displayed typical affinity values as reported for other avidins ( Table 1) . The short afifavidin, in contrast, exhibits somewhat lower affinity towards 2-iminobiotin by one order of magnitude, in comparison to the intact afifavidin (Table 1) .
Discussion
The avidin family continues to expand, where newly discovered avidin-like proteins with unique features share the capability to bind biotin with extremely high affinity. Here we introduce afifavidin, which maintains the high affinity towards biotin with intriguing new properties. Two constructs of the afifavidin are characterized in this study with notable differences in their oligomeric features, both in the solution and in the crystalline states.
The subfamily of dimeric avidins from bacterial sources is an emerging group, which exhibits unique forms of the biotin-binding proteins. Currently, four members have been discovered, and, to date, all apo forms of the dimeric avidins display intriguing features, which entail a higher-order oligomeric assembly in the crystal as opposed to the dimeric structure that generally prevails in solution. Crystal packing of these avidins (with the exception of shwanavidin) is characterized by the presence of symmetrical cylinder-like multimers, involving successive interactions between an extended C-terminal segment of the monomer with a neighbouring non-canonical monomer (Fig. 1)   Fig. 5 . Phe from the L3,4 loop in afifavidin and shwanavidin. Superposition of afifavidin (pink) and shwanavidin (blue), showing the biotin molecule (black) from the afifavidin structure (for clarity) in its binding site. Both dimeric avidins contain a conserved Phe residue (50 and 43 for afifavidin and shwanavidin respectively) in the L3,4 loop, which seal biotin in the binding site. The Phe residues from the L3,4 loop emulate the role of the essential Trp of tetrameric avidins that is contributed by an adjacent monomer but is unavailable in dimeric avidins. This Phe residue could be regarded as a compensation mechanism for the loss of the critical Trp in some dimeric avidins. Fig. 6 . Structural comparison of the intact apo form and the short biotin complex. Superposition of the short afifavidin-biotin complex and the intact afifavidin. Phe50 is indicated in stick in both the structures (red for the intact, cyan for the biotin complex). For clarity, only the intact afifavidin monomer is shown. Biotin is shown in faint white and Pro134 from the C-terminal segment of the adjacent (non-canonical) monomer is indicated in magenta. In the intact apo form Pro134 stabilizes Phe50 in a position that blocks the entrance of biotin into its binding site. Once the tail is removed (i.e. the short form), the side-chain of Phe50 adopts a different rotamer/conformation permitting entrance of biotin into the binding site. [10, 21, 22] . When the crystal structure of rhizavidin was resolved [10] , and the presence of a hexamer in the crystal was observed, we had initially considered this phenomenon to be a crystallization artefact rather than a biological effect. However, with repeating occurrences of crystal-induced oligomers, i.e. hexamers for rhizavidin and shwanavidin, and octamers for hoefavidin and afifavidin, we now consider the finding a bona fide consequence of crystallization with distinct structural and perhaps functional significance. It seems that the law of mass action would apply in the intersubunit interactions where these unique apo proteins crowd into cylinder-like toroids with 6 or 8 biotinbinding sites (Fig. 1) . In the light of the results presented in this research, the oligomeric assembly generated in the crystalline state can now be regarded as a general characteristic of the dimeric avidins. In solution, intact hoefavidin and intact afifavidin display a dynamic type of oligomeric assembly, presenting mostly octamers in the apo form, which dissociate into dimers upon biotin binding (Fig. 7) .
The repeated occurrence of self-assembled oligomeric structures comprising the different dimeric avidins may indeed reflect a biological relevance of these unique constructions, rather than a fluke of crystal-induced assemblage [34] . The discovery of such oligomers both in the solution and in the crystalline states lends credence to this premise. In cells, the storage of proteins in large oligomers is often favoured, due to their higher stability and resistance to denaturation in comparison to their protomers [35] . Upon biotin binding, the avidins gain stability as indicated by their increased Tm values (Table 1) , which enable and presumably favour the dissociation into dimers. Other studies have indicated an enhanced activity upon dissociation of oligomers [36] , demonstrating a common phenomenon of oligomer dynamics. In certain cases, the congregation of proteins results in additional functions [37] , which have yet to be revealed for afifavidin and hoefavidin.
The crystal structure and distinctive packing presented here in conjunction with the biochemical and biophysical data may pave the path towards the design of supramolecular protein-based nanostructures [38, 39] , which could be utilized in future applications, thus extending the molecular toolbox of the biotinbased technologies. Additionally, the dynamicity and ability to control disassembly of the oligomers upon addition of biotin may be useful for delivery systems and signal transduction processes [39] . Self-assembled multimeric proteins with advanced properties can thus be employed for construction of nanomaterials in numerous applications, such as targeted delivery, biosensors and more [38] .
The work presented in this communication provides new insights into the biochemistry, structure and selfassembly of dimeric avidins into higher-ordered oligomers, and introduces a new view of the storage and possible structural dynamics of these proteins. The addition of this novel member of the dimeric avidins enriches our knowledge of the avidin-biotin system in general and adds an important tier to the research and understanding of these unique proteins.
Materials and methods
Identification, expression and purification of afifavidin
The sequence of afifavidin was discovered using BLAST in the NCBI website [40] . Afifavidin construct contains the fulllength sequence without the signal peptide and thus termed 'intact afifavidin'. A synthetic gene of afifavidin, ordered from Genscript, was designed with codon usage optimized for Escherichia coli expression. The intact afifavidin gene was cloned into pET28a plasmid (Merck-millipore, Darmstadt, Germany) to obtain a protein consisting of residues 24-159 with Met-Ala added at the N-terminus. Short afifavidin is the second construct characterized in this study, where five amino acids were truncated from the C-terminus, generating a polypeptide consisting of residues 24-154. Intact afifavidin was expressed in E. coli strain BL21 DE3 (Merck-millipore). Cells were cultured in 2xYT medium supplemented with 100 lgÁmL À1 kanamycin (Biological Industries, Cromwell, CT, USA) at 37°C, with rotation of 220 rpm. When OD k = 600 nm reached a value of~0.7-1, 0.2 mM isopropyl 1-thio-b-D-galactopyranoside (IPTG) was added for induction. Bacterial growth was continued for 18-20 h at 26°C in a shaker incubator with rotations. Short afifavidin was expressed using a similar protocol with the exception of temperature for growth after induction being 21°C. Lysis and protein purification were highly similar for both the intact and short forms of afifavidin, as described here. After the overnight growth, cells were harvested and resuspended in lysis buffer containing 0.3 M NaCl, 50 mM Tris-HCl of pH 8.0 using 1 : 20-1 : 30 lysis buffer to initial bacterial amount. Additionally, 0.1% sarkosyl was added to the lysis buffer for the intact afifavidin and 5% glycerol for the short form. During lysis, protease inhibitor cocktail (MilliporeSigma, St. Louis, MO, USA) was added at a ratio of 1 : 200 to the buffer; lysozyme was added at a ratio of 2.5 mg lysozyme per litre bacteria; and DNase was added at a ratio of 5 mg DNase per litre bacteria, with MgCl 2 added to a final concentration of 20 mM. Resuspension and 20 min of additional incubation were conducted on ice. Lysis was performed using a microfluidizer at 20 000 psi (LV1; Microfluidics Corp., Westwood, MA, USA). The lysate was then centrifuged at 16 500 g for 30 min at 4°C, and the supernatant was separated.
Preliminary verification of correct folding of the afifavidins (both intact and short forms) was conducted by a binding assay to biotin-4-fluorescein (B4F), as previously described [41, 42] . The supernatant was then diluted at a 1 : 1 ratio using binding buffer [43] , containing 1 M NaCl and 50 mM Na 2 CO 3 at pH 11.0, and was titrated to the pH value of 11.0 using NaOH. The diluted supernatant solution was then incubated with 2-iminobiotin resin (Pierce, Thermo Fisher Scientific, Waltham, MA, USA). The protocol includes incubation of 50 mL of the diluted supernatant with the 2-iminobiotin resin for 10-15 min at 4°C, with light rotation. Consequently, the resin and supernatant solution were centrifuged at 500 rpm and the unbound fraction was removed. This step was repeated until all the supernatant solution was incubated with the 2-iminobiotin beads. Following protein binding at high pH, the resin was transferred to a gravity column and the bound protein was eluted slowly (~0.15 mLÁmin
À1
) and collected in 1 mL fractions using a low pH buffer (0.1 M acetic acid, pH 3.0) [43] . Protein purity was then evaluated via SDS/PAGE and was concentrated to a final concentration of 2.5-5 mgÁmL À1 using a 2-mL centricon with 5000 molecular weight cut-off (Biological industries) and stored at À80°C.
Crystallization, data collection and structure solution
Crystallization conditions of the intact afifavidin were obtained after screening using a Mosquito crystallization robot (TTP Labtech Ltd., Melbourn, UK), by the vapour diffusion method at 20°C employing the Index HT TM screen (Hampton Research, Aliso Viejo, CA, USA) [44] . Thin plate-like crystals appeared within several days in a condition containing 2 lL of equal amounts of 4.9 mgÁmL . Plate like crystals appeared spontaneously within 5 days. Co-crystals of the biotin complex were obtained using streak seeding from the short apo crystals as the source of microseeds [45, 46] . Prior to crystallization, biotin was added to the short afifavidin to the final concentration of 0.15 mgÁmL À1 biotin and 4.5 mgÁmL
À1
short afifavidin (protein solution contains 0.1 M acetic acid pH 3.0), and incubated for 10-15 min at 4°C. A 2-lL drop initially contained equal amounts of protein or protein and biotin complex and the crystallization solution: 1.4-1.6 M ammonium sulfate and 0.1 M acetic acid at pH 5.0. Prior to data collection, crystals were cryoprotected in a solution containing 20% glycerol and the crystallization solution. All data described henceforth were collected at the European Synchrotron Radiation Facility (ESRF), Grenoble, France, at 100 K, using an Oxford Cryosystem Cryostream cooling device. Data for the intact afifavidin were collected at beamline ID29, where Crystals diffracted to the highest resolution of 2.16 A and belonged to the P42 1 2 tetragonal space group with four monomers in the asymmetric unit ( Table 2) . Crystals of the short afifavidin were measured at the ID23-1 beamline and diffracted to the highest resolution of 1.74 and 1.53
A (apo and biotin complex respectively) belonging to the monoclinic P2 1 space group with four monomers in the asymmetric unit ( Table 2 ). All data were processed and scaled using XDS via EDNA [47, 48] .
The structure of intact afifavidin was solved by molecular replacement using Phaser [49] , implemented in the CCP4 suite [49, 50] . The search model was the homologymodelled monomer based on the rhizavidin structure [10] generated using Swiss Model [51] . The structure of intact afifavidin was initially refined using the rigid body protocol in Refmac [50, 52] , resulting in an R-value of 40.6% and R-free of 42.7%. The structure was further refined via the restrained refinement mode at a resolution range of 44.93-2. 16 A, and solvent molecules were added with ARP/ wARP [53] , after several iterative cycles of refinement and extensive model building using Coot (Table 2 ) [54] . The structures of the apo and biotin complexed short afifavidin were solved similarly using the refined structure of intact afifavidin as the search model after removing the C-terminal tail.
Affinity measurements towards 2-iminobiotin
The affinities of intact and short afifavidin towards 2-iminobiotin were measured by surface plasmon resonance (SPR) using a CM5 sensor chip for the Biacore T200 optical biosensor instrument (Biacore AB, Upssala, Sweden). The protocol used for activation and binding is similar to that described for affinity measurements of xenavidin [5] , with slight changes, as described here. The CM5 sensor chip was activated using a mixture containing 0.2 M EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride) and 0.05 M NHS (N-hydroxysuccinimide) in water. The next step was applying 1 M ethylenediamine to the chip. Then a solution containing 10 mM 2-iminobiotin (Sigma-Aldrich) and 0.2 M EDC was applied on the surface in 25 mM Na-phosphate pH 6.5. The mixture of these components resulted in a cloudy solution that was centrifuged and only the clear fraction was used and was injected four times to achieve the activated chip. The final amount of 2-iminobiotin connected to the chip was 100 response units. Binding of the proteins to the chip was carried out in binding buffer containing 1 M NaCl, 50 mM Na 2 CO 3 , at pH 11.0. Regeneration between measurements was carried out in 0.5 M acetic acid, at pH 3.0.
Tm analysis
Melting temperature of both constructs was determined using Differential Scanning Fluorimeter (DSF) using the NanoDSF Prometheus NT.48 (NanoTemper Technologies GmbH, M€ unchen, Germany). Twenty microlitres of protein samples were inserted into capillaries in a concentration of 14 lM. For the biotin complex measurement, 2 lL of 1.5 mgÁmL À1 biotin stock was added to a 50 lL protein sample and incubated at room temperature for 15 min prior to loading the sample into the capillaries. The capillaries were heated from 20°C to 95°C at a rate of 1°C per minute and fluorescence was measured at 50%. Analysis was carried out using PR.THERMCONTROL v2.1.1 (NanoTemper Technologies).
Ion exchange chromatography multi angle light scattering (IEX-MALS) analysis
IEX was performed on the € AKTA pure FPLC with a MonoQ column (GE Healthcare). Buffer A contained 50 mM NaCl and 20 mM Tris-HCl at pH 8.0; buffer B contained 0.5 M NaCl and 20 mM Tris-HCl at pH 8.0. Afifavidin was eluted from the column using a gradient of 20-100% B over 20 CV. MALS analysis was conducted on a mini-DAWN TREOS multiangle light scattering detector (Wyatt Technology, Santa Barbara, CA, USA) with a Wyatt QELS dynamic light scattering module for determination of hydrodynamic radius and an Optilab T-rEX refractometer (Wyatt Technology). During the experiments, BSA was used as the reference protein for normalizing the parameters. Data collection and the IEX-MALS analyses were carried out with the ASTRA 6.1 software (Wyatt Technology).
